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Abstract
The top quark Yukawa coupling to the intermediate mass Higgs boson can be determined
in the reaction e+e− → tt¯H that, after taking into account decays, will be detected at the
International Linear Collider through reactions with 8 particles in the final state. Such 2→ 8
reactions receive contributions from tens thousands of Feynman diagrams, already in the lowest
order of Standard Model, most of which comprise background to resonant associated produc-
tion and decay of the top quark pair and Higgs boson. We illustrate the background effects
by comparing cross sections of three reactions, which represent different detection channels of
e+e− → tt¯H , calculated with the complete sets of the lowest order Feynman diagrams with
the corresponding signal cross sections calculated with the diagrams of associated production
and decay of off mass shell top quark pair and Higgs boson only. The comparison that is
performed with different selections of cuts shows that the background effects are sizeable, but
they can be reduced by appropriate choice of cuts.
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1 Introduction
If the Standard Model (SM) Higgs boson has mass below the tt¯ threshold, mH < 2mt, then
its Yukawa coupling to the top quark
gttH =
mt
v
, with v = (
√
2GF )
−1/2 ≃ 246GeV,
which is by far the largest Yukawa coupling of SM, can be best determined at the future
International Linear Collider (ILC) [1] through measurement of the reaction of associated
production of the top quark pair and Higgs boson [2]
e+e− → tt¯H. (1)
The lowest order SM Feynman diagrams of reaction (1), with the neglect of the Higgs boson
coupling to electrons, are shown in Fig. 1. As the contribution of the Higgs boson emission off
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Figure 1: Feynman diagrams of reaction (1) to the lowest order of SM with the neglect of the
Higgs boson coupling to electrons.
the virtual Z-boson line, which is represented by the diagram in Fig. 1c, is small with respect
to the Higgsstrahlung off the top quark line illustrated in Fig. 1a and 1b, the SM lowest order
cross section of reaction (1) becomes practically proportional to g2ttH . This fact makes reaction
(1) so sensitive to the top–Higgs Yukawa coupling.
Particles on the right hand side of reaction (1) are unstable: the top and antitop decay, even
before they hadronize, predominantly into bW+ and b¯W−, respectively, and the Higgs boson,
dependent on its mass, decays either into a fermion–antifermion or an electroweak (EW) gauge
boson pair and the EW bosons subsequently decay, each into a fermion–antifermion pair. This,
dependent on the Higgs boson mass mH , leads to reactions with either 8 or 10 fermions in
the final state. As direct searches for the Higgs boson at LEP, which give a lower limit for
mH of 114.4 GeV at 95% CL [3], combined with theoretical constrains in the framework of
SM favour a value of mH in the range just above the lower direct search limit [4], we will
assume mH < 140 GeV. Then the Higgs boson would decay dominantly into a bb¯-quark pair
and reaction (1) will be actually detected at the ILC through reactions of the form
e+e− → bb¯bb¯f1f¯ ′1f2f¯ ′2, (2)
where f1, f
′
2 = νe, νµ, ντ , u, c and f
′
1, f2 = e
−, µ−, τ−, d, s. Thus, reaction (2) can be detected
in any of the following channels: the hadronic (38%), leptonic (25%), or semileptonic (37%),
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corresponding to decay modes of the W -bosons coming from decays of the t- and t¯-quark of
reaction (1).
Since the original work of the early 1990’s [2] reaction (1) has received a lot of attention in
literature. The quantum chromodynamics (QCD) radiative corrections to it were calculated in
[5], O(α) EW corrections were calculated in [6] and full O(α) EW and O(αs) QCD corrections
were studied in [7]. Reaction (1) was considered in the kinematic region where the Higgs boson
energy is close to its maximal energy in [8]. Processes of the form e+e− → bb¯bb¯W+W− →
bb¯bb¯l±νlqq¯
′ accounting for the signal of associated Higgs boson and top quark pair production,
as well as several irreducible background reactions, were studied in [9] and EW contributions
to the leptonic and semileptonic reactions (2) have been computed in [10]. Pure off mass
shell effects in e+e− → t∗t¯∗H∗ → bb¯bb¯ud¯µ−ν¯µ have been discussed in [11] and, for the on-shell
Higgs boson, in [12]. In the latter, also the off resonance background contributions have been
calculated. Moreover, feasibility of the measurement of the top–Higgs Yukawa coupling at the
ILC in reaction (1) was discussed in [13].
Already in the lowest order of SM reactions (2) receive contributions from tens thousands
of Feynman diagrams, most of which comprise background to the resonant production and
decay of the top quark pair and Higgs boson. In order to show what a role the off resonance
background effects will play we select one reaction in each of the different detection channels
of (2): the hadronic, semileptonic and leptonic channel
e+e− → bb¯bb¯ud¯sc¯, (3)
e+e− → bb¯bb¯ud¯µ−ν¯µ, (4)
e+e− → bb¯bb¯τ+ντµ−ν¯µ, (5)
respectively. We will calculate the lowest order SM cross sections of (3), (4) and (5) with the
complete set of the lowest order Feynman diagrams, both EW and QCD ones, and compare
them with the corresponding signal cross sections of the associated resonant production and
decay of the top quark pair and Higgs boson, i.e. cross sections calculated with the signal
Feynman diagrams obtained from those depicted in Fig. 1 by attaching to each final state
particle of (1) lines representing its decay products. Taking into account permutations of
the b and b¯ quark lines gives 20 signal diagrams for each of reactions (3), (4) and (5). For
illustration, we show representative signal diagrams for (4) in Fig. 2. The comparison will
be performed with different selections of cuts on particle angles, energies, missing transverse
energy and invariant masses which should allow for correct identification of the signal and
reduction of the background.
2 Details of calculation
Matrix elements of reactions (3), (4) and (5) have been generated automatically with a For-
tran 90/95 program carlomat [14] written by one of us (KK). Fermion masses, except for the
neutrinos, can be kept nonzero in the program, but in order to speed up the calculation we
neglect masses and Yukawa couplings of the fermions lighter than c quark and τ lepton. Then,
taking into account both the EW and QCD lowest order contributions in the unitary gauge,
there are 39342, 26816 and 21214 Feynman diagrams for (3), (4) and (5), respectively. For
3
e−
e+
γ, Z
t
t
H
b¯
t¯
W
− µ−
ν¯µ
b
W
+
u
d¯
b
b¯
(a)
e−
e+
γ, Z
t
t¯
H
t¯
(b)
b¯
W
−
µ−
ν¯µ
b
W
+
u
d¯
b
b¯
e−
e+
Z
Z
t¯
t
H
(c) b¯
W
−
µ−
ν¯µ
b
W
+ u
d¯
b
b¯
Figure 2: Representative signal Feynman diagrams of reaction (4). The remaining diagrams
are obtained by all possible permutations of the two b and two b¯ lines. The Higgs boson
coupling to electrons has been neglected.
each of the reactions carlomat generates also dedicated phase space parametrizations which
take into account mappings of peaks in the matrix element caused by propagators of massive
unstable particles, of a photon, or a gluon in each Feynman diagram. This means that a
number of different phase space parametrizations generated is equal to a number of the Feyn-
man diagrams. The phase space parametrizations are implemented into a multichannel Monte
Carlo (MC) integration routine that performs integration over a 20-dimensional phase space.
However, only those parametrizations which result in different phase space normalization are
effectively used in the process of numerical integration.
Poles in the propagators of unstable particles are regularized with constant particle widths Γa
which are introduced through the complex mass parameters M2a by making the substitution
m2a → M2a = m2a − imaΓa, a = Z,W,H, t. (6)
Substitution (6) is made both in the s- and t-channel propagators. The electroweak mixing
parameter sin2 θW can be kept real
sin2 θW = 1−
m2W
m2Z
, (7)
which is the approach usually referred to in the literature as the fixed width scheme (FWS),
or it may be defined as a complex quantity
sin2 θW = 1−
M2W
M2Z
, (8)
that is referred to as the complex mass scheme (CMS) [15]. The latter has the advantage
that it preserves the lowest order Ward identities, which minimizes gauge invariance violation
effects caused by (6).
The widths Γa, except for ΓZ whose actual value is rather irrelevant in the context of associated
top quark pair and Higgs boson production and decay, are calculated in the lowest order of
SM. In the calculation of matrix elements with the helicity amplitude method, use is made of
the routines developed for a MC program eett6f v. 1.0, for calculating lowest order cross
sections of e+e− → 6 fermions relevant for a tt¯ pair production and decay [16], which have been
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tailored to meet needs of the automatic generation of amplitudes in carlomat. MC summing
over helicities is performed.
We have performed a number of tests of our results. First off all, we have generated the
matrix element of (4) keeping the Yukawa couplings and masses of all charged fermions,
which results in 56550 Feynman diagrams, and performed the phase space integration with
the corresponding number of different phase space parametrizations. The results have agreed
up to one standard deviation of the MC integration with those presented in the next section,
which have been obtained with 26816 Feynman diagrams after neglecting the light fermion
masses and the Higgs boson couplings to light fermions. Moreover, carlomat offers an option
that allows to map poles caused by propagators of internal particles which decay into 2, 3, 4, or
more external particles. This has led to different phase space parametrizations which all have
given results consistent within 1–2 standard deviations. In addition to these self-consistency
checks we have compared our results for the cross sections of (4) without QCD contributions
with WHIZARD/OMEGA [17] obtaining agreement within one standard deviation.
Generation of the Fortran code with carlomat on a PC with the Pentium 4 3.0 GHz processor
for any of reactions (3), (4), or (5) takes about 10 minutes CPU time. This relatively long time
of the code generation is determined by a lot of write to and read from disk commands which
have to be introduced in order to circumvent limitations of the Fortran compilers concerning
possible array sizes. The compilation time of generated routines depends strongly on a compiler
used and an optimization option chosen. Typically, for the considered reactions, it takes about
one hour to compile all the routines generated for each of the reactions. Most of the time is
used for the compilation of the kinematical routines. The execution time of the MC integration
with about 2 million calls to the integrand amounts typically to a few hours and, if the MC
summing over polarizations is employed, it is dominated by computation of the phase space
normalization.
3 Results
The numerical results presented in this section have been obtained with the following set of
initial physical parameters: the Fermi coupling, fine structure constant in the Thomson limit
and strong coupling
Gµ = 1.16639× 10−5 GeV−2, α0 = 1/137.0359991, αs(mZ) = 0.1176, (9)
the W - and Z-boson masses
mW = 80.419 GeV, mZ = 91.1882 GeV, (10)
the top quark mass and the heavy external fermion masses of reactions (3), (4) and (5)
mt = 174.3 GeV, mb = 4.8 GeV, mc = 1.3 GeV, mτ = 1.77699 GeV. (11)
Light fermion masses are neglected except for in the test calculation of the cross section of (4)
with the full set of the lowest order Feynman diagrams, mentioned in the previous section.
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The value of the Higgs boson mass is assumed at mH = 130 GeV. Widths of unstable particles
are calculated to the lowest order of SM resulting in the following values:
Γt = 1.53088 GeV, ΓW = 2.04764 GeV, ΓH = 8.0540 MeV. (12)
The Z boson width, whose actual value is not relevant in the calculation, is put at its experi-
mental value ΓZ = 2.4952 GeV. We use the CMS with sin
2 θW given by (8).
We identify jets with their original partons and define the following basic cuts which should
allow to detect events with separate jets and/or isolated charged leptons:
• cuts on an angle between a quark and a beam, an angle between two quarks and on a
quark energy in reactions (3), (4) and (5):
5◦ < θ(q, beam) < 175◦, θ(q, q′) > 10◦, Eq > 15 GeV, (13)
• cuts on angles between a charged lepton and a beam, a charged lepton and a quark and
on energy of the charged lepton, l = µ, τ , in reactions (4) and (5):
5◦ < θ(l, beam) < 175◦, θ(l, q) > 10◦, El > 15 GeV, (14)
• a cut on the missing transverse energy in reaction (4),
/ET > 15 GeV, (15)
• a cut on an angle between the two charged leptons and on the missing transverse energy
in reaction (5)
θ(l, l′) > 10◦, /ET > 30 GeV. (16)
The size of the background contributions is illustrated in Table 1, where we give results for
the lowest order cross sections of reaction (4) at a few centre of mass system (c.m.s.) energies
in the presence of basic cuts (13), (14) and (15). The cross section σall calculated with the
complete set of Feynman diagrams is shown in column 2. The cross section calculated without
the gluon exchange diagrams σno QCD is given in column 3 and the signal cross section σsignal
calculated with the 20 signal Feynman diagrams is presented in column 4. In order to see to
what extent the cuts reduce a signal of the associated production and decay of the top quark
pair and Higgs boson we give the signal cross section σno cutssignal and the signal cross section in the
narrow width approximation (NWA) σno cutsNWA without cuts [11] in columns 5 and 6, respectively.
The numbers in parenthesis show the MC uncertainty of the last decimal. We see that angular
and energy cuts (13), (14) and (15) reduce the signal by about 20%, but they are not very
efficient in reducing the background contributions: both σall and σno QCD are substantially
larger than σsignal. In particular, at
√
s = 500 GeV that is the most realistic collision energy
of ILC, the background exceeds the signal by almost an order of magnitude. This is obviously
caused by the fact that this collision energy is just above the tt¯H production threshold and the
small phase space volume which is then available naturally reduces the signal cross section.
Let us also note that, even though the cut on the energy of each quark has been imposed, the
QCD background contributions are quite sizeable, as can be seen by comparison of σall and
σno QCD.
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√
s [GeV] σall [ab] σno QCD [ab] σsignal [ab] σ
no cuts
signal [ab] σ
no cuts
NWA [ab]
500 26.8(4) 7.80(3) 3.095(3) 3.796(3) 3.920(1)
800 100.2(8) 66.8(1) 46.27(2) 58.36(2) 60.03(2)
1000 93.1(3) 61.4(1) 40.18(2) 51.74(2) 52.42(3)
2000 47.4(2) 28.5(1) 15.14(3) 22.14(4) 20.68(3)
Table 1: Cross sections of reaction (4) at different c.m.s. energies with cuts (13), (14) and
(15) calculated: with the complete set of Feynman diagrams, σall, without gluon exchange
diagrams, σno QCD, and with only the signal diagrams of Fig. 2, σsignal. The last two columns
show the total signal cross section σno cutssignal and the total cross section in NWA σ
no cuts
NWA of [11]
without cuts. The numbers in parenthesis show the MC uncertainty of the last decimal.
In order to reduce the background let us assume 100% efficiency of b tagging and define the
following invariant mass cuts which should possibly allow to reconstruct W bosons, t quarks
and the Higgs boson:
• a cut on the invariant mass of two non b jets in reactions (3) and (4)
60 GeV <
[
(p∼b1 + p∼b2)
2
]1/2
< 90 GeV (17)
• a cut on the transverse mass of the muon–neutrino system in reaction (4)
[
m2µ + 2
(
m2µ +
∣∣∣pTµ ∣∣∣2
)1/2 ∣∣∣ /pT ∣∣∣− 2pTµ · /pT
]1/2
< 90 GeV, (18)
• a cut on the invariant mass of a b jet, b1, and two non b jets, b∼b1 , b∼b2 , in reactions (3)
and (4) ∣∣∣∣[(pb1 + p∼b1 + p∼b2)2]1/2 −mt
∣∣∣∣ < 30 GeV (19)
• a cut on the transverse mass mT of a b quark, b2, muon and missing transverse energy
system in reaction (4)
mt − 30 GeV < mT < mt + 10 GeV, (20)
where
m2T = m
2 + 2
(
m2 +
∣∣∣pTb2 + pTµ
∣∣∣2)1/2 /ET − 2 (pTb2 + pTµ
)
· /pT , (21)
with m being the invariant mass of the b-µ system given by m2 = (pb2 + pµ)
2.
• an invariance mass cut on two b jets, b3 and b4, in reactions (3), (4) and (5)∣∣∣∣[(pb3 + pb4)2]1/2 −mH
∣∣∣∣ < mcutbb , (22)
with mcutbb = 20 GeV, 5 GeV, or 1 GeV.
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Figure 3: Differential cross section of (4) at
√
s = 500 GeV (left)
√
s = 800 GeV (right) as a
function of the invariant mass of the two b jets which remain after the other two b jets have
been associated with top quarks: one b jet together with the two non b jets have passed a cut
(19) and the (b, µ, /ET ) system has passed a cut (20). The other cuts applied are given by (13),
(14), (15), (17) and (18).
In order to justify the actual choice of invariant mass cuts in (20) and (22) let us have a look at
plots of some differential cross sections of (4). In Fig. 3, we plot the differential cross section
at
√
s = 500 GeV (left) and
√
s = 800 GeV (right) as a function of the invariant mass of
the two b jets which remain after the other two b jets have passed cuts (19) and (20) in the
presence of angular and energy cuts (13), (14) and (15). How well the top quark mass can be
reconstructed from the (b, µ, /ET ) system is illustrated in Fig. 4, where we plot the differential
cross section at
√
s = 500 GeV (left) and
√
s = 800 GeV (right) as a function of transverse
mass (21) of the (b, µ, /ET ) system that has passed a cut (20). The angular and energy cuts
are given by (13), (14) and (15).
In Table 2, we show the lowest order σall and signal σsig. cross sections of reactions (3), (4)
and (5) at a few c.m.s. energies in the presence of angular, energy and invariant mass cuts.
The actual cutting procedures applied in different channels are the following.
• In the hadronic channel, represented by reaction (3), we first impose angular and energy
cuts (13). Then we order the four non b jets in pairs and check if they satisfy W boson
identification criteria (17). If so, we combine each pair with a b jet and check if they
obey the t identification criteria (19). Finally, we check if the remaining two b jets satisfy
the Higgs boson identification cut (22).
• In the semileptonic channel, represented by reaction (4), we impose angular and energy
cuts (13), (14) and the missing energy cut (15). Then we check whether the two non b
jets satisfy a cut (17), and if the muon and missing energy fulfil a transverse mass cut
(18). If so, we combine a b jet with the two non b jets and check if they obey the t
identification criteria (19). We select two of the remaining three b jets and check if they
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Figure 4: Differential cross section of (4) as a function of the transverse mass, as given by (21),
of the (b, µ, /ET ) system that has passed a cut (20) at
√
s = 500 GeV (left) and
√
s = 800 GeV
(right). The other cuts applied are given by (13), (14), (15), (17) and (18).
fulfil (22). Finally, we impose a transverse mass cut (20) on the other b jet, the muon
and missing energy system.
• In the leptonic channel, represented by reaction (5), we impose angular and energy cuts
(13), (14) and (16). We select two of the four b jets and check if they satisfy the Higgs
boson identification criteria (22).
The cross sections in the first, second and third row for each c.m.s. energy correspond to
the Higgs boson invariant mass cut mcutbb of (22) equal to, respectively, 20 GeV, 5 GeV and
1 GeV. We see that the invariant mass cut on the two b jets which reconstruct the Higgs
boson very efficiently reduces the background, practically for all the three detection channels
of (2) considered in Table 2. The smaller value of mcutbb the smaller is the background. The
background is relatively the biggest in the leptonic channel, represented by reaction (5), where
we have not imposed invariant mass cuts which would allow for reconstruction of W bosons
and t quarks.
To which extent an extra cut on the energy of a b quark
Eb > 40 GeV, or Eb > 45 GeV. (23)
can reduce the off resonance background contributions is shown in Table 3, where we show
the lowest order σall and signal σsig. cross section of (4) and (5). The first and second row
for each c.m.s. energy correspond to the Higgs boson invariant mass cut mcutbb of (22) equal
to, respectively, 20 GeV and 5 GeV. We see that an extra cut (23) on energy of the b quark
efficiently reduces the background at
√
s = 500 GeV, practically without altering the signal.
However, it reduces both the background and the signal at higher c.m.s. energies. For leptonic
reaction (5), where no invariant mass cuts allowing eitherW bosons or t quarks reconstruction
have been imposed, the b quark energy cut (23) helps to reduce the background substantially.
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√
s e+e− → bb¯bb¯ud¯sc¯ e+e− → bb¯bb¯ud¯µ−ν¯µ e+e− → bb¯bb¯τ+ντµ−ν¯µ
[GeV] σall [ab] σsig. [ab] σall [ab] σsig. [ab] σall [ab] σsig. [ab]
13.88(6) 8.70(2) 3.50(2) 2.384(3) 4.03(9) 0.863(2)
500 10.17(4) 8.66(2) 2.62(1) 2.332(3) 1.89(7) 0.864(2)
9.07(4) 8.65(1) 2.37(1) 2.312(3) 1.09(2) 0.860(1)
167.0(4) 128.4(1) 43.6(1) 33.93(2) 23.28(5) 13.48(1)
800 139.1(3) 128.0(1) 35.8(1) 33.10(2) 16.95(4) 13.47(1)
130.5(2) 127.7(1) 33.4(1) 32.82(2) 14.44(4) 13.46(1)
139.4(3) 109.1(1) 35.3(1) 27.94(1) 21.70(5) 12.09(1)
1000 117.9(5) 109.0(1) 29.5(1) 27.52(1) 15.41(3) 12.10(1)
110.6(2) 108.7(1) 27.8(1) 27.34(1) 13.08(6) 12.06(1)
44.5(2) 36.37(4) 11.4(1) 9.223(6) 9.46(3) 4.95(2)
2000 38.1(1) 36.23(4) 9.76(4) 9.157(6) 6.49(3) 4.97(3)
36.6(1) 36.09(2) 9.25(4) 9.136(6) 5.42(2) 4.97(1)
Table 2: Lowest order, σall, and signal, σsig., cross sections of reactions (3), (4) and (5). The
first, second and third row for each c.m.s. energy correspond to the Higgs boson invariant
mass cut mcutbb of (22) equal to, respectively, 20 GeV, 5 GeV and 1 GeV. Other angular, energy
and invariant mass cuts are specified for each reaction in the main text. The numbers in
parenthesis show the uncertainty of the last decimal.
e+e− → bb¯bb¯ud¯µ−ν¯µ e+e− → bb¯bb¯τ+ντµ−ν¯µ√
s
Eb > 40 GeV Eb > 45 GeV Eb > 40 GeV Eb > 45 GeV
[GeV]
σall [ab] σsig. [ab] σall [ab] σsig. [ab] σall [ab] σsig. [ab] σall [ab] σsig. [ab]
3.25(1) 2.36(1) 2.93(1) 2.27(1) 1.49(1) 0.850(2) 1.22(1) 0.810(2)
500
2.57(1) 2.32(1) 2.47(1) 2.22(1) 1.11(1) 0.849(2) 1.02(4) 0.808(2)
27.9(1) 23.72(3) 24.0(1) 20.58(3) 13.58(4) 9.38(1) 11.51(2) 8.14(1)
800
24.4(1) 23.07(3) 21.1(1) 20.03(3) 10.99(2) 9.37(1) 9.44(2) 8.13(1)
22.7(1) 19.50(2) 20.1(1) 17.49(2) 12.84(3) 8.48(1) 11.18(2) 7.59(1)
1000
20.0(1) 19.20(2) 18.0(1) 17.21(2) 10.07(2) 8.47(1) 8.92(2) 7.59(1)
8.59(4) 7.35(1) 8.10(3) 6.95(1) 6.45(2) 4.02(2) 5.93(2) 3.78(2)
2000
7.61(3) 7.28(1) 7.27(6) 6.90(1) 4.84(2) 4.01(2) 4.51(1) 3.84(2)
Table 3: Lowest order, σall, and signal, σsig., cross sections of reactions (4) and (5) with an extra
cut (23) on the b quark energy. The first and second row for each c.m.s. energy correspond
to the Higgs boson invariant mass cut mcutbb of (22) equal to, respectively, 20 GeV and 5 GeV.
Other angular, energy and invariant mass cuts are specified for each reaction in the main text.
The numbers in parenthesis show the uncertainty of the last decimal.
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4 Conclusions
We have calculated the lowest order SM cross sections of reactions (3), (4) and (5) representing
the hadronic, semileptonic and leptonic detection channels of the associated production of the
top quark pair and Higgs boson at the ILC. In the calculation, we have taken into account
complete sets of the lowest order Feynman diagrams, both EW and QCD ones. A comparison
of the cross sections with the corresponding signal cross sections of the associated production
and decay of the top quark pair and Higgs boson in the presence of angular and energy cuts
has shown that the off resonance background is large. Imposing invariant mass cuts, which
allow for reconstruction of W bosons, t quarks and the Higgs boson, reduces the background.
In particular, a cut (22) on the invariant mass of the two b quark system that reconstructs
the Higgs boson is very efficient: the smaller the cut the better is the background reduction.
A cut on the energy of the slowest b jet can further reduce the background at
√
s = 500 GeV,
but for higher c.m.s. energies it becomes less efficient, as it reduces the signal as well.
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